The metronomic predictability of the environment has elicited strong selection pressures for the evolution of endogenous circadian clocks. Circadian clocks drive molecular and behavioural rhythms that approximate the 24 h periodicity of our environment. Found almost ubiquitously among phyla, circadian clocks allow preadaptation to rhythms concomitant with the natural cycles of the Earth. Cycles in light intensity and temperature for example act as important cues that couple circadian clocks to the environment via a process called entrainment. This review summarizes our current understanding of the general and molecular principles of entrainment in the model organism Neurospora crassa, a simple eukaryote that has one of the best-studied circadian systems and light-signalling pathways.
The circadian clock model organism

Neurospora crassa
The genetic simplicity, ease of experimental manipulation and presence of a clear circadian phenotype make Neurospora a primary organism for studying the molecular basis of circadian rhythmicity. Using the 'race-tube assay' (see Figure 1 ) and a combination of forward and reverse genetic approaches, a number of genes and their products have been identified that are essential for the generation of circadian rhythmicity in Neurospora. They function in a similar fashion to the components involved in the circadian clocks of blue-green algae, plants, fruit flies and mammals [1] .
Central components of the Neurospora clock are the frequency ( frq) and white-collar (wc-1 and wc-2) genes and their encoded proteins (FRQ, WC-1 and WC-2; see Figures 2A and 2B) [2] . WC-1 and WC-2 dimerize to form a transcriptionally active complex, called the WCC (whitecollar complex), which activates frq transcription by binding to conserved elements within the frq promoter [3] [4] [5] . Following its induction, FRQ protein indirectly inhibits the WCC to shut down its own expression ( Figure 2B ) [6] [7] [8] [9] , but also has a positive post-transcriptional effect on WC-1 levels. FRQ thus helps to restore its own transcriptional activation and to complete the molecular cycle. Feeding into this rhythm-generating core cycle are proteins that regulate timely degradation of the central-clock proteins, often by changing their phosphorylation status. For example, kinases (Ca 2+ /calmodulin-dependent protein kinase I and the protein kinase CK2) and phosphatases [PP1 (protein phosphatase 1) and PP2A] use FRQ as substrate and thus control its degradation via the ubiquitination-proteasome pathway. On the other hand, protein kinase C phosphorylates WC-1 and controls its turnover [10] [11] [12] [13] [14] [15] . Other factors that help to maintain clock integrity are the small PAS/LOV (where PAS stands for Per-Arnt-Sim domain and LOV for light-oxygenvoltage sensing domain) protein VVD (VIVID) and qrf , an frq-antisense transcript. Both influence clock phase and lightresetting in Neurospora [16, 17] . Finally, the interaction of FRQ with FRH, an RNA helicase and possible cofactor of the exosome, suggests a link between RNA metabolism and the circadian clock [18] .
Entrainment
With no external temporal signals feeding into the circadian clock, the interplay between these core clock components generates free-running molecular and physiological rhythmicity. In Neurospora, the free-running rhythm has a period of approx. 22 h and is overtly expressed as rhythmic conidial banding ( Figure 1 ). To phase conidial banding so that it occurs at its optimal time every day, Neurospora needs to synchronize its internal oscillator(s) with the 24 h period of the environment. The coupling of two oscillators, so that both periods are identical (in this case 24 h) and a stable phase relationship between the two oscillators is established, is called entrainment (Figures 1C and 3C) .
How is the inherent 22 h rhythm of Neurospora's molecular oscillator expanded to match the 24 h rhythm of the environment? A universal feature of circadian clocks is that they can be phase-shifted by environmental cues, such as light or temperature. For instance, a light-pulse given at subjective dawn advances conidiation, whereas a light-pulse given at subjective dusk delays it. Crosthwaite et al. [19] proposed an elegant model in which light-induction of frq RNA serves to explain these bidirectional effects of light on the clock. Modelled on the basis of circadian rhythm of frq transcript levels in the dark, light will act on the rising slope of the frq cycle by shifting the frq cycle forward (the mRNA peak is occurring earlier), while light acting on the falling slope will increase frq levels and delay the cycle (frq trough levels are reached later). Rapid light-induction of frq is mediated by the WCC. The WCC binds to conserved light-responsive elements in the frq promoter to activate its transcription [5, 7, 20] . Key to this function is the LOV domain of WC-1 that binds a flavin as a chromophore and transforms WC-1 into a blue-light photoreceptor (Figure 2A ).
Although this model can explain entrainment to brief light pulses, light acts chronically in Nature. It is possible that only the dawn and dusk transitions are sensed by blocking light transduction throughout most of the day, which, in effect, would constitute entrainment to two light pulses. We have recently shown that VVD, a repressor of WCC activity and a second photoreceptor in Neurospora [17, 21, 22] , influences light-dark resetting at both the dawn and dusk transitions. Importantly, by preventing light resetting of the circadian clock at sunrise, VVD establishes a day-time oscillator that allows Neurospora to measure day length and influence the phase of clock-controlled conidiation during the night. Without VVD, this day-time clock collapses and Neurospora resumes its oscillation at dusk from a fixed phase, resembling an hour-glass mechanism. Thus the circadian clock is operational in complete photoperiods and VVD is a key component that maintains functionality of the entrained clock (M. Elvin, J.J. Loros, J.C. Dunlap and C. Heintzen, unpublished work). It will be interesting to see whether the FRP (free-running period) of this day-time oscillator is influenced by light intensity, which would suggest that light could have a continuous effect on the oscillator by speeding up or slowing down the clockwork, as suggested in the early circadian literature [24, 25] .
Perhaps both discrete and continuous light-responses of the oscillator facilitate entrainment in natural conditions. For example, we know that light-induced transcription of frq is rapid, whereas FRQ protein accumulation is more sluggish [19, 26, 27] . Maybe this illustrates how components that control rapid frq transcription (such as WCC) may mediate discrete entrainment, whereas factors that influence FRQ stability (e.g. kinases or phosphatases) could be targets for continuous light entrainment. For example, a light-dependent change in activity of kinases/phosphatases could modify FRQ activity/stability accordingly and exert a continuous effect on the oscillator by changing its kinetics and length of cycle in response to light.
Less is known of the molecular mechanisms governing Neurospora's entrainment to temperature. We do know, however, that temperature influences the forms of FRQ synthesized and their levels and activities [28] . It is thought that temperature steps phase shift the FRQ oscillation, as FRQ levels oscillate with the same amplitude but at different levels at different temperatures. So, for example, a peak in FRQ expression at a low temperature can be equivalent to a trough in FRQ expression at a higher temperature. A step from low to high temperature could therefore shift the clock from relative peak to relative trough levels in its oscillation, thereby resetting the clock [29] . We also know that frq is essential for temperature entrainment. For example, Pregueiro et al. [31] tested the role of the frq gene in the circadian clock by using temperature T-cycles (symmetrical warm and cool periods of varying total length; Figure 3 ). The entrained circadian oscillator has different phases with respect to the entraining T-cycle ( Figure 3B ). If its innate periodicity is shorter than the environmental rhythm, it will complete its endogenous cycle before the beginning of the next entrainment cue and thus phase lead the environmental cycle, whereas it will phase lag if its natural periodicity is longer than the entrainment cycle [30] . When investigating frq wild-type and frq null strains in such T-cycles, the authors observed systematic phase-angle changes in peaks of conidiation only in frq wild-type strains (also see Figures 3E and 3F) and concluded that the frq gene is essential for temperature entrainment [31] . However, the absence of such phase-angle changes in frq null strains and the observation that conidiation always occurred at a set time into the cold period suggested that conidial rhythmicity in frq null strains was solely driven by rhythmic changes in the environment.
The advantage of entrainment
The 'key function' of circadian clocks is to entrain organisms to their rhythmic environment [32] . However, as exemplified by an frq-less strain, conidiation in Neurospora can be driven by a change in temperature without arising from a genuinely rhythmic process. Such an hour-glass-type timer that responds to environmental cues could set in motion a linear, less-convoluted biochemical pathway leading to a clock output occurring at a fixed period of time later ( Figure 3D ). It is clear though that many organisms "have recognized the advantages of measuring time by cyclical processes" [33] . In contrast with hour-glasses, clocks preserve information on time in the absence of environmental cues, can serve as compasses for celestial orientation and can be used in the photoperiodic response to measure changes in day length. In the latter examples, it is the establishment of appropriate phase that makes the entrained oscillator evolutionarily advantageous over the driven rhythm, which is incapable of tracking changes in the environment. Entrainment, therefore, is an essential characteristic of circadian clocks that helps to align the 'internal day' of the organism with that of the environment.
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